R O T E I N kinase C (PKC) has re c e ived mu ch at t e n t i o n as a potential reg u l ator of contractile activity in vascular smooth mu s cl e, especially with rega rd to tonic-maintained constri c t i o n . 1 1 R ep o rts from the literat u re indicate that the content of an endogenous activat o r of PKC, 1,2-diacy l g ly c e rol (DAG), is increased in canine c e reb ral art e ries during ch ronic va s o c o n s t riction fo l l owing ex p e rimental subara chnoid hemorr h age (SAH) 5 a n d t h at (pre s u m ably) consequently, PKC activity is incre a s e d in the same animal model. 7 It has been suggested that activation of PKC is at least part i a l ly re s p o n s i ble for stimul ating the ch ronic cereb ro a rt e rial constriction that is the h a l l m a rk of cereb ral va s o s p a s m . 1 -5 , 7 -9 , 1 2 , 1 4 -1 6 In this study, DAG, total PKC content, and "activat e d " PKC activity we re measured in canine basilar art e ries that we re isolated at va rious times during the development of c e reb ral vasospasm fo l l owing the double SAH pro t o c o l . No significant ch a n ges in total DAG content of PKC activity we re fo u n d. A ve ry modest increase in the activat e d fo rm of PKC was noted. Despite rep o rts to the contra ry, this study offe rs no evidence that PKC activation plays an i m p o rtant role during the development of cereb ra l vasospasm after SAH.
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Materials and Methods

Canine Basilar Artery Preparations
Sixteen mongrel dogs of either sex weighing between 20 and 25 kg were anesthetized with thiamylal sodium (25 mg/kg), intubated, and mechanically ventilated. Control cerebral angiography was performed by a manual injection of 6 to 8 ml Renografin 60 into a vertebral artery that had been catheterized via the transfemoral route. Freshly drawn autologous arterial blood (4 ml) was injected into the cisterna magna by percutaneous needle puncture, after which a head-down tilt was maintained for 20 minutes to allow pooling and clotting of the blood in the basal cistern around the basilar artery.
In the single-SAH experiments involving six animals, cerebral angiography was repeated 72 hours later. The animals were then sacrificed by exsanguination from the femoral artery and their brains were immediately excised. The basilar artery was dissected free of clotted subarachnoid blood, flushed with saline, and immediately frozen by immersion in liquid nitrogen. The total duration of the excision procedure was 4 to 5 minutes from time of death to time of freezing. Vessels remained frozen at Ϫ85˚C until further use. In the double SAH experiments involving 10 animals, a second injection of subarachnoid blood was administered 72 hours after the first; 72 hours following this injection, the basilar artery was isolated as described above. Final angiography was withheld in the case of three of those animals. Ten additional animals were sacrificed by exsanguination under full anesthesia without injection of subarach- ߜ Sixteen dogs were entered into a study of the double subarachnoid hemorrhage (SAH) model of cerebral vasospasm. Six animals were sacrificed 72 hours after the first experimental SAH, and the remaining 10 animals were killed 72 hours after the second experimental SAH; ten additional animals served as controls. Basilar arteries were rapidly excised from the dogs and frozen. Multiple segments of the frozen arteries were analyzed independently for total protein and 1,2-diacylglycerol (DAG) content, which averaged 3.17 (Ϯ 0.27 standard error of the mean; SEM) pmol DAG/g protein for all 25 arteries analyzed. A slight decreasing trend in DAG content relative to that of control vessels was found in vessels chronically constricted in situ by subarachnoid blood clot; however, this trend did not attain statistical significance. Two segments of the same vessels were assayed independently for protein kinase C (PKC) activity, which averaged 1.21 (Ϯ 0.08 SEM) pmol phosphate incorporation per minute per g protein for all 24 arteries analyzed. A small decrease in PKC content was noted in vessels that experienced a single SAH; however, PKC returned to near control value in vessels subjected to double SAH. The ratio of particulate (membrane bound) to soluble PKC activity, an indicator of PKC translocation to the membrane and hence PKC activation, showed a small but statistically significant trend to increase with experimental SAH. In a parallel but independent study, 16 canine basilar arteries were isolated as described. From each artery, one sample segment was immediately quick frozen and the other segments were used in various in vitro studies involving incubation under physiological conditions for 5 to 120 minutes. Some segments were then frozen for later assays to determine DAG or PKC content, and others were assayed immediately without freezing.
Assays of DAG Content
Excised canine basilar arteries remained frozen at Ϫ85˚C in glass vials until a small segment (5 to 8 mm) was quickly separated and transferred into 1 ml ice-cold 1 M NaCl in a prechilled glass-onglass homogenizer and homogenized to uniformity by hand on ice in 2 to 4 minutes. A 1:2 mixture of cold chloroform/methanol (3 ml) was added to 0.8 ml homogenate and gently agitated for 10 minutes at room temperature before phase separation was induced by the addition of 1 ml CHCl 3 and 1 ml of 1 M NaCl. After a 5-minute centrifugation at 1600 G, the overlying aqueous methanol phase was vacuum aspirated using a long 18-gauge needle. Duplicate 0.8-ml samples of the CHCl 3 extract were placed in 13 ϫ 100-ml glass tubes with Teflon sealing tops and frozen at Ϫ85˚C until further use. The remaining homogenate suspension was sonicated at low power for 20 seconds to assure complete dispersion. Two 50-L aliquots were removed for total protein assay using a Coomassie blue assay* with bovine immunoglobulin G (IgG) in 1 M NaCl for c a l i b r a t i o n .
The DAG assay is a modification of the method of Preiss, et al.
Two different DAGs were used as standards to calibrate the assay each time it was performed; they were chosen from frozen 2 ϫ 1 0
Ϫ3
M stock concentrations in CHCl 3 of 1-stearoyl, 2-arachidonoyl glycerol, 1,2-dioleoylglycerol, or 1,2-dipalmitoylglycerol. Tubes of chloroform extracts from individual artery segments and tubes containing 0, 250, 500, and 1000 pmol of the DAG standards were evaporated to dryness under high vacuum. Twenty microliters of detergent solution (7.5% n-octylglucopyranoside, 1 mM diethylenetriamine pentaacetic acid (DETAPAC) and 5 mM cardiolipin) was worked thoroughly over the lipid residue and then incubated for 10 minutes in a sonicating water bath. The detergent was again thoroughly distributed because complete dissolution of the lipid in the detergent is a crucial step in the assay. Seventy microliters of "reaction mix," containing 100 mM imidazole (pH 6.6), 100 mM NaCl, 25 mM MgCl 2 , 2 mm ethyleneglycol-bis (␤-a m i n o e t h y l e t h e r ) -N , NЈ-tetraacetic acid (EGTA), 2.5 mM dithiothreitol and approximately 1 U/ml sn-1,2-DAG kinase, was then added to each tube, followed by vortex mixing and a second 10-minute incubation in a sonicating water bath. The conversion of DAGs to phosphatidic acid was initiated by the addition of 20 L of 3 mM Na 2 -a d e n o s i n e triphosphate (ATP) in 100 mM imidazole (pH 6.6) and 1 mM DETAPAC with typically 2 Ci ATP-␥- 3 2 P added. The tubes were incubated for 30 minutes at room temperature with periodic vortex mixing until the reaction was stopped by addition of 20 L fresh 1% HClO 4 .
Lipids were then reextracted from this aqueous reaction mix by the addition of 0.4 ml 1 M NaCl and 2 ml CHCl 3 /methanol (1:2 v/v), a 10-minute incubation, and phase separation induced by adding 0.67 ml 1 M NaCl and 0.67 ml CHCl 3 . After centrifugation for 5 minutes at 1600 G, the upper aqueous methanol phase was carefully vacuum aspirated using a long 22-gauge needle. The CHCl 3 extract was then washed twice with 2 ml of 1% HClO 4 to remove any trace phosphorus-32 not covalently bound to lipid. An 0.8-ml sample of the CHCl 3 extract was then counted in scintillation fluid to determine phosphorus-32 content, equivalent to sn-1,2-DAG content converted to [ 3 2 P]phosphatidic acid. The agreement between duplicate samples of each artery segment extract was typically better than Ϯ 5% and the average was used. The inclusion of known DAG standards run simultaneously with each assay removes the need to determine accurate ATP content and specific activity each time. The assay is linear and highly reproducible, as indicated in Fig. 1 . A finding of measurable counts per minute at 0 added DAG is due to a small DAG contaminant in the commercial DAG kinase. In three cases in which ATP-␥-[ 3 2 P]-specific activity was carefully determined, the conversion of DAG standards to [ 3 2 P]phosphatidic acid averaged 97% (Ϯ 3 % ) . For each sample, a 100-to 150-L aliquot of the final products of the DAG assay system was concentrated 10 times by evaporation, and subjected to thin-layer chromatography (TLC) on 10 ϫ 10-cm, 200-m thick silica gel plates run for 30 minutes in a 65:15:5 (v/v/v) mixture of chloroform/methanol/acetic acid. Plates were then developed as autodiagrams at Ϫ85˚C for 48 hours and read by a scanning densitometer for quantitative assessment of various phosphorylated lipid products. At least two, and sometimes three segments from each artery, ranging from 5 to 8 mm in length, were assayed independently by these methods over a period of several months, during which time no consistent changes in DAG content were noted due to storage.
Assays of Protein and PKC Activity
One segment from each frozen artery was similarly removed and quickly homogenized in 1 ml iced homogenizing buffer that contained 50 mM Tris (pH 7.5), 10 mM EGTA, 5 mM ethylenediamine-tetraacetic acid (EDTA), 10 mM benzamidine, 0.3% (v/v) ␤-mercaptoethanol, 50 g/ml phenylmethylsulfonyl fluoride, and 50 g/ml leupeptin, which was added from frozen concentrated stock immediately before use. Two 50-L aliquots were removed for assay of total protein using bovine IgG dissolved in homogenizing buffer as standards. Samples of homogenate were then diluted by factors of 2 and 5 times with homogenizing buffer and additional samples were taken for protein assay. Protein kinase C activity in 2 5 -L aliquots of the three dilutions and in a blank without added homogenate was measured as the incorporation of phosphorus-32 from 50 M MgATP-␥- 3 2 P into a peptide with high specificity as a substrate for PKC during a 15-minute incubation at 25˚C, using commercial kit components. † Protein kinase C activity was measured in the presence and absence of supramaximal concentrations of activators of PKC (1 mM Ca + + acetate, 3.2 M phorbol 12-myris-Protein kinase C and diacylglycerol in cerebral vasospasm FI G. 1. The linearity of the 1,2-diacylglycerol (DAG) assay, as well as its sensitivity to DAGs of various fatty acid composition, is shown for three different DAGs from commercial sources: 1,2-dioleoylglycerol ( s q u a r e s ), 1,2-dipalmitoylglycerol ( t r i a n g l e s ), and 1-stearoyl, 2-arachidonoylglycerol ( c i r c l e s ). Data points are averages of two or three samples at each DAG value and the range is shown if it is larger than the symbol covers.
tate, 13-acetate, and 0.66 mol/% phosphatidylserine) as a control for the activity of protein kinases other than C and basal PKC activity.
An additional segment from each artery was homogenized in 1.2 ml homogenizing buffer, subjected to a 20-second ultrasonication to assure complete dispersal, then additional homogenization with the addition of 1.2 ml buffer. A 0.4-ml sample was retained for protein and PKC assays, while 2 ml was ultracentrifuged for 45 minutes at 100,000 G and 2˚C. The supernatant was withdrawn for assay (soluble fraction) while the pellet was resuspended in 2 ml of homogenizing buffer with a brief ultrasonication to achieve dispersion (particulate fraction). Samples of total, soluble, and particulate preparations were then assayed in the presence and absence of PKC activators, for PKC activity as well as for protein content.
Statistical Methods
The statistical significance of differences between group means was computed using the two-tailed Student's t-test for unpaired variates. Because sample variance within an artery was comparable to sample variance between arteries, all samples were taken as independent measures of the experimental condition (that is, control, single SAH, or double SAH).
Results
Development of Cerebral Vasospasm
Basilar art e ry diameters we re measured at six equally spaced locations on both control and postex p e ri m e n t a l SAH cereb ral angi ograms by three independent observe rs . The results we re ave raged and the mean basilar art e ry diameter was calculated as a perc e n t age of control diamet e r, wh i ch ave raged 72.4% (Ϯ 4.9% standard error of the mean (SEM)) at 62 hours after the fi rst ex p e rimental SAH using six animals, and 66.2% (Ϯ 2.2% SEM) at 72 hours after the second ex p e rimental SAH using seven animals. Th ree animals subjected to double SAH did not have fi n a l c e reb ral angi ograp hy so that we could ve rify that the meas u rements of DAG content and PKC activity we re not i n fluenced by angi ograp hy.
Content of DAG in Control Canine Basilar Arteries
In a parallel study, the time course of DAG content fo l l owing the excision of canine basilar art e ries was exa m i n e d. One sample from each of 16 excised art e ries wa s f ro zen immediat e ly for DAG assay and the other seg m e n t s we re incubated under phy s i o l ogical conditions for 5 minutes or 30 to 120 minutes befo re fre e z i n g. Seg m e n t s f ro zen after the 5-minute incubation ave raged 3.34 (Ϯ 0.22 SEM) pmol DAG /g protein, wh e reas seg m e n t s f ro zen after incubation periods longer than 30 minu t e s ave raged 3.58 (Ϯ 0.71 SEM). The agreement of these va lues with those obtained from art e ries fro zen immediat e ly upon excision (3.49 Ϯ 0.47 SEM) suggests that the ex c ision protocol itself had no substantial effect on DAG cont e n t .
Content of DAG After Experimental SAH
Basilar art e ries from the 10 control, six single SAH and nine double SAH animals remained fro zen until assaye d for total DAG and protein content. Two or three seg m e n t s of each art e ry we re assayed indep e n d e n t ly and a mean value of DAG (picomole per microgram protein) for each a rt e ry was calculat e d. The results we re widely va ri abl e, but showed ap p rox i m at e ly the same ra n ge in each ex p e rimental group (1.6 to 6 pmol/g protein). The mean va l u e of DAG content for each group is given in Table 1 , indic ating a decrease of ap p rox i m at e ly 6% over each 72-hour p e riod of ex p e rimental SAH. This decrease did not, how- eve r, attain statistical signifi c a n c e. The ave rage va ri ab i l i t y found among multiple segments from the same art e ry (Ϯ 0.89 pmol DAG /g protein) is signifi c a n t ly gre ater than the diffe rence among the three ex p e rimental groups, indic ating no significant trends in the re s u l t s .
Th i n -l ayer ch ro m at ograp hy and autora d i ograp hy of the [ 3 2 P ] p h o s p h o ry l ated lipid ex t racts indicate the presence of t wo pri m a ry DAG species in canine basilar art e ry, as seen in Fi g. 2. The occurrence of two additional spots on TLC was a regular finding in all three art e ries. Den-sitometri c scanning of the autora d i ographs provided a quantitat ive assessment of the re l at ive pro p o rtions of these DAGkinase phosphory l ated lipids and calculation of the picomole quantities, as listed in Table 2 . Specific DAG content ave raged 78.4 (Ϯ 1.5% SEM) of total phosphory l at e d lipid in 21 control vessels, wh i ch declined to 72.1% (Ϯ 1.2% SEM) in 30 art e ries exposed to subara chnoid bl o o d. A gain, no stat i s t i c a l ly significant diffe rences we re noted in the specific DAG content found in the three ex p e ri m e ntal groups. The TLC pro files of art e ries subjected to single or double SAH we re identical, showing a small but re l iable increase in the second TLC component at the ex p e n s e of a decreased pro p o rtion of pure DAG s .
Total, Soluble, and Particulate PKC Activities
Smaller segments of the art e ries we re used in the assay s of PKC activity to avoid nonlinearities due to dep l e t i o n of ATP in the assay system. Total PKC activity was meas u red using three concentrations of the homoge n i ze d a rt e ry segments and the best linear fit as a function of dilution was taken as one measurement of total PKC activ i t y for that art e ry. In ge n e ral, samples with the highest PKC a c t ivities fell below the linear fit by 10% to 15%. The rat i o of PKC activity in the presence of activat o rs to PKC activity without activat o rs (basal PKC) ave raged 4.02 (Ϯ 0 . 1 8 SEM) measured in 20 art e ri e s .
Using a second segment of the same art e ries, the total PKC activity measurement was rep e ated at one midra n ge dilution and PKC activities in the soluble and part i c u l at e ( m e m b rane-bound) fractions we re determined after sep aration by ultra c e n t ri f u gation. In almost all cases, the sum of soluble and part i c u l ate PKC activities was slightly gre ater than the total PKC activity measured in the same sample of 26 art e ries from wh i ch the fractions we re prep a red (107.7% Ϯ 2.7% SEM). This is like ly the result of the small nonlinearity in the assay observed with sample d i l u t i o n .
The mean values of protein and PKC measure m e n t s for each ex p e rimental group are given in Table 3 . Th e f raction of total homoge n ate protein that remained in the clear supern atant on ultra c e n t ri f u gation increased slightly in vasospastic art e ries. The part i c u l ate fraction pro t e i n was difficult to resuspend fully, showing less than half the expected value in control tissues. Curi o u s ly, re c ove ry of p a rt i c u l ate protein was nearly complete in vessels subjected to double SAH. Solubl e -p l u s -p a rt i c u l ate protein accounted for 94% of the total protein measured in the double SAH group, but only ap p rox i m at e ly 75% of that in the other ex p e rimental gro u p s .
Total PKC activity is the mean value determined fo r e a ch ex p e rimental group of the ave rage of the two samples f rom each art e ry measured in the presence of PKC activat o rs and norm a l i zed to total segment protein. Basal PKC a c t iv i t y, measured in the same samples without activat o r, is given as a perc e n t age of measured total PKC activ i t y and was not notably altered by the development of cereb ral va s o s p a s m .
Pa rt i c u l ate (membrane-bound) PKC activity is exp ressed as a perc e n t age of the sum of observed part i c u l at e and soluble PKC activities, in wh i ch both activities are the f u l ly activated values. In an effo rt to eliminate any contribution caused by protein kinases other than C, activat e d p a rt i c u l ate PKC was also tabu l at e d, calculated by using o n ly the increase in protein kinase activity found in each f raction on the addition of PKC activat o rs. Both methods i n d i c ate that ap p rox i m at e ly 5% to 7% of the control cytosolic PKC content of canine basilar art e ries becomes m e m b rane bound during ch ronic cereb ral va s o s p a s m .
The results of this study are summari zed sch e m at i c a l ly in Fi g. 3, wh i ch shows the mean canine basilar art e ry d i a m e t e r, DAG content, total PKC activ i t y, and part i c u l at e PKC activity in the single and double SAH groups exp ressed as perc e n t ages of the observed values in contro l a n i m a l s .
Determination of DAG and Membrane-Bound PKC Content
In the ab ove study, excised art e ries we re immediat e ly f ro zen to allow time for multiple assays of DAG content and PKC activity to be perfo rmed on samples from the same art e ries. A sep a rate parallel study was undert a ken to a s c e rtain that no art i fact caused by freezing was pre s e n t . In that study four canine basilar art e ries we re excised as d e s c ribed and two samples from each we re fro zen for lat e r a n a lysis. Other segments we re homoge n i zed and entere d into DAG or PKC activity assays immediat e ly without f re e z i n g. The ratios of DAG content, total PKC activ i t y, and the percent of part i c u l ate PKC measured in fro zen and u n f ro zen segments from the same art e ry ave raged 1.04 Ϯ 0.07, 0.96 Ϯ 0.10, and 1.06 Ϯ 0.06 (standard erro r ) , re s p e c t ive ly, indicating that freezing had no stat i s t i c a l ly s i g n i ficant effect on the measured va l u e s .
A corre l ation between DAG content and some index of PKC activation was sought by plotting the measured va l u e of the percent of membrane-bound activity against the value of DAG content determined for each of the 23 art e ries in wh i ch both para m e t e rs we re determ i n e d. As show n in Fi g. 4, least-squares linear regression gave a negat ive c o rre l ation of no statistical significance (r 2 = 0.057); in other wo rds, less than 6% of the va ri ability surro u n d i n g p a rameter mean values can be accounted for by assuming a dependence of activated PKC on the measured DAG c o n t e n t . Discussion P rotein kinase C activity has re c e ived mu ch attention as a possible activator of sustained contractile activity in vascular smooth mu s cl e. Synthetic activat o rs of PKC, phorbol esters, promote maximum, stabl e, and part i a l ly C a + + -i n d ependent contractions of isolated cereb ral art e ri e s in vitro. 4 , 8 , 9 , 1 4 P rotein kinase C activ i t y, there fo re, wo u l d seem a promising candidate for the study of the mech anisms that underlie cereb ral vasospasm after SAH.
Estimation of PKC Content and Activity
Methods to estimate in situ PKC activity as distinct f rom PKC content (the parameter determined by activ i t y m e a s u rements in tissue ex t racts) are not highly re l i abl e. Th e re is mu ch evidence indicating that activated PKC is tra n s l o c ated from the cytosol to the membra n e. 3 , 1 3 Thus, measurements of membrane-bound or part i c u l at e PKC activity are often taken to re flect activated PKC.
). Furt h e rm o re, there have been rep o rts that some isozymes of a c t ivated PKC tra n s l o c ate to cy t o s keletal components rather than the plasma membra n e. 6 It is ve ry possible that d i ffe rent ex t raction methods for the so-called part i c u l at e and soluble fractions do not cl e a rly distinguish all "activated" PKC from the pre s u m e d ly inactive cytosolic PKC. It is altern at ive ly equally possible that membra n e -b o u n d PKC, albeit activated in situ, is not the specific activat e d PKC that plays a role in sustained contractile activ i t y because of its limited access to the contractile pro t e i n s .
DAG Content
Another indicator of in situ PKC activation would be a sustained increase in the concentration of endogenous act ivat o rs of PKC during cereb ral vasospasm. Matsui and c o l l e ag u e s 5 rep o rted significant (ap p rox i m at e ly two fo l d ) i n c reases in the DAG content of canine basilar art e ries fo ll owing the double SAH model, although the same gro u p l ater rep o rted finding no ch a n ges in membra n e -b o u n d PKC activity in a diffe rent population of similarly tre at e d a n i m a l s . 1 5 Th at ap p a rent discrep a n cy, howeve r, does not c o n t radict our present finding that activated PKC does not d i re c t ly corre l ate with DAG content (Fi g. 4) . Both fi n dings may simply serve to emphasize that PKC activat i o n is a synergistic process involving phospholipids and intracellular Ca + + c o n c e n t rations as we l l . Th e re is nonetheless significant quantitat ive disagre ement between the findings of Matsui and colleag u e s 5 a n d the results rep o rted here. Our control value for specifi c DAG content is five times gre ater than that rep o rted by those re s e a rch e rs (even after correcting for the erro n e o u s rep o rting of the measurement micro m o l e / m i l l i gra m instead of nanomole/milligram in that publ i c ation (T Matsui, personal commu n i c ation, 1992); and we found no i n c rease wh at s o ever in DAG content fo l l owing ex p e rimental SAH. These diffe rences may be the result of the d i ffe rent assay methods used. Matsui, et al., homoge n i ze d f ro zen art e ries dire c t ly in CHCl 3 /MeOH, wh e reas the a rt e ry samples used in our study we re homoge n i zed in NaCl, then ex t racted with CHCl 3 /MeOH. In two dire c t c o m p a risons, we found that DAG values obtained fro m
